ily. RSV is the primary cause of lower respiratory tract infection and bronchiolitis during infancy and childhood, with 60 -70% of infants being infected within their first year of life and nearly all by 2 yr of age (1) . Patients usually present with rhinorrhea, cough, and low-grade fever; however, some susceptible individuals may require hospitalization or die. No RSV vaccine currently exists, and it has been estimated that RSV annually infects 64 million and causes 160,000 deaths (2) . Despite efforts to elucidate mechanisms for differential responses to RSV infection, they remain largely unknown.
Previous studies indicated that environmental factors contribute to susceptibility and response to RSV infection, but they cannot account for all observed variation in RSV-related phenotypes (3) (4) (5) (6) . Differential RSV infection across inbred mouse strains suggests that susceptibility is influenced by genetic background (7, 8) . Furthermore, epidemiological studies have found RSV disease severity associated with polymorphisms in genes, including Toll-like receptor 4 (TLR4), cluster of differentiation 14 (CD14), various surfactant proteins, cytokines, and chemokines (9 -15) . Increased concordance of severe RSV infection in identical twins has also been found (16) . However, these studies are cost-and time-intensive, and thus there is a need for a more rapid and cost-effective means to evaluate genome-wide contributions to differential susceptibility to human RSV infection and disease.
The objective of this study was to develop a highthroughput, in vitro cell model of RSV disease to investigate the role of genetic factors in response to RSV and to identify functionally relevant candidate susceptibility genes that can be tested in a human population. Human-derived epithelial cell lines have been used to investigate mechanisms of RSV infection, but there are relatively few distinct lines. Furthermore, these have little genetic or genomic information available and thus are not very useful for investigating the genetic contribution to disease phenotypes. To circumvent these challenges, human lymphoblastoid cell lines (LCLs) have been used to examine genetic components involved in human disease (17) (18) (19) .
Using the human variation collection from the Coriell Institute (Camden, NJ, USA), which consists of human LCLs established from donors from various ethnic and racial groups, as well as multigenerational families, we found that RSV infectivity differed significantly among individuals and between ethnic groups. We also identified a panel of genes whose basal expression was significantly and reproducibly correlated with RSV infectivity in LCLs. One of these differentially expressed genes, myxovirus (influenza virus) resistance 1 (MX1), contributes to host defense against influenza and other viruses (20 -22) . Moreover, a functional single-nucleotide polymorphism (SNP) in MX1 was significantly associated with RSV-G expression in the LCLs and RSV disease severity in a human neonatal population. Results of the association study supported findings of the LCL model and indicate the value of LCLs for understanding mechanisms of differential susceptibility to RSV infection.
MATERIALS AND METHODS

Cell lines and culture conditions
Human LCLs were obtained from the Coriell Institute's cell repositories. LCLs were established by Epstein-Barr virus transformation of peripheral blood mononuclear cells using phytohemagluttinin as a mitogen. Cells were cultured in RPMI 1640 (Life Technologies, Grand Island, NY, USA) with 15% FBS and 1% penicillin/streptomycin in a humidified incubator at 37°C with 5% carbon dioxide. To calculate the growth rate of each cell line, cells were initially cultured at a concentration of 0.5 ϫ 10 6 cells/ml medium. After 3 d, cells were counted to measure the percentage change from the initial concentration, then centrifuged and resuspended in fresh medium at a concentration of 0.5 ϫ 10 6 cells/ml. The mean of 3 separate measurements was then used to calculate growth rate for each cell line. Growth rate varied widely among LCLs, with a range of 5-388% and mean Ϯ sem of 124.4 Ϯ 13.3%. We asked whether growth rate affected RSV-G mRNA expression (an indicator of viral load) and found no correlation between the percentage growth of individual cell lines and RSV-G mRNA (r 2 ϭ0.064, PϾ0.05).
RSV infection
Cells were infected with RSV A2 at a moiety of infection of 4. Cells were concentrated to 5 ϫ 10 6 cells/ml in serum-free medium, and virus was added to the medium. After 1 h medium with 5% FBS was added to achieve a cell concentration of 5 ϫ 10 5 cells/ml. Selection of criteria for RSV disease severity was based on the need for oxygen supplementation and consequent hospitalization. These criteria enabled comparison with previous investigations (e.g., ref. 24) . Infants with bronchiolitis were recruited as cases when their oxygen saturation on enrollment was Ͻ93% in room air. Controls were infants with oxygen saturation Ն93% while breathing room air.
Real-time reverse transcriptase polymerase chain reaction (RT-PCR)
Exclusion criteria included known or suspected impairment of immunological function, major congenital oral malformations, chronic lung disease, cardiac disease, prematurity (gestational age Ͻ37 wk), neuromuscular disorders affecting swallowing, and known or suspected coagulation disorders or bleeding tendency.
Demographic information included age, gender, breastfeeding on enrollment, smoking at home, day care attendance, and presence of siblings younger than 14 yr of age in the household ( Table 1) . Clinical information included need for and duration of oxygen supplementation, need for and duration of hospitalization, need for intensive care, and death. Investigators monitored the clinical evolution of participating infants through phone calls and/or hospital visits for 7 d after enrollment, and any change in their clinical status was recorded (i.e., worsening clinical condition converting a control participant into a case subject). A second, independent population of infants was recruited in Buenos 
RSV viral titer
Viral titers were quantified in nasal aspirates using RT-PCR. RNA was extracted using RNeasy Minikits (Qiagen). RT-PCR was performed using an RSV TaqMan probe with the sequence: 6FAM-CAATGATCATGATTTACCTATTG-MGBNFQ. Viral titers were estimated using a standard curve with known concentrations of RSV.
Allelic discrimination genotyping for MX1 V379I rs469390 SNP (G/A)
Genomic DNA was isolated from whole-blood samples using the Gentra Puregene kit (Gentra Systems, Minneapolis, MN, USA) and was characterized for purity and concentration on a Beckman Coulter DU640 spectrophotometer (Beckman Coulter, Fullerton, CA, USA). Low-yield samples were whole genome amplified with the Qiagen REPLI-g kit. The MX1 V379I substitution (rs469390) in exon 9 was assessed by allelic discrimination with a predesigned SNP genotyping assay from Applied Biosystems. RT-PCR was performed using 20-l reactions with 5 ng of genomic DNA, 10 l of TaqMan 2ϫ PCR Master Mix, and 1.0 l of 20ϫ preoptimized assay mix (C_2274997_10). The 20ϫ mix consisted of 18 M forward and reverse primers and 8 M of each allele-specific fluorescently labeled (VIC or FAM) TaqMan MGB probe. Standard PCR cycling conditions were used, with initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min, and a post-PCR read at 60°C for 30 s.
Allele-specific PCR products were detected on an Applied Biosystems StepOnePlus real-time PCR system, and clustered by genotype using StepOnePlus software. Ambiguous samples were clustered manually and verified by sequencing. Control samples with known genotype as verified by DNA sequencing, were run with each plate. Five percent of the samples were repeated for quality control, and we found 100% concordance. In addition, because of potential ethnic diversity in our study population, 33 ethnic-specific genomic markers were evaluated on the Sequenom iPlex platform by BioServe (Beltsville, MD, USA) to test for admixture.
Statistics
Individual LCL values are presented as means Ϯ sem of Ն3 separate experiments. Group data are presented as means Ϯ sem of LCLs for each ethnic group. Because of heteroscedasticity, Kruskal-Wallis 1-way ANOVA on ranks with Dunn's pairwise multiple-comparison test was used to test for differences in basal TLR3 and TLR4 expression (SigmaPlot 12.0; Systat Software, San Jose, CA, USA). For all other comparisons, parametric 1-way ANOVA was used to determine whether means were significantly different from each other with Student-Newman-Keuls post hoc test to compare donors. Associations between gene expression and genotypes were tested using simple linear regression. Associations between individual MX1 genotypes and RSV disease severity were tested using 2 and multiple logistic regression methods (SigmaPlot 12.0). We used multiple logistic regression to assess potential confounding of demographic variables in the relationship between RSV disease and MX1 genotype. Where necessary, Bonferroni correction for multiple comparisons was applied. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS
Ethnic panel LCL responses to RSV infection
Because TLR3, TLR4, and eukaryotic translation initiation factor 2-␣ kinase 2 [EIF2AK2; or protein kinase, RNA-activated (PKR)] have reported roles in RSV susceptibility and response (25, 26) , we quantified their basal expression in LCLs from 3 human variation panels. Differential mRNA expression of all three genes was found between individuals within each group (data Values are normalized to ␤-actin and expressed as mean Ϯ sem fold induction over a common reference sample. *P Ͻ 0.05. not shown) and across different groups (Fig. 1) . Baseline expression of TLR3 was highest in Japanese LCLs compared to the other two panels, expression of TLR4 was highest among Northern Europeans, and expression of EIF2AK2 was significantly higher in African Americans. Considered across all individuals, TLR3 mRNA expression and EIF2AK2 mRNA expression were significantly correlated (r 2 ϭ0.315, Pϭ0.003; data not shown). No other pairwise correlation between TLR3, TLR4, and EIF2AK2 expression was statistically significant.
In a pilot investigation with 3 LCLs, RSV-G mRNA was quantified at 24, 48, and 72 h postinfection (hpi). The greatest amount of RSV-G expression in these lines was found at 48 -72 hpi (data not shown). RSV-G mRNA expression was subsequently evaluated in individual LCLs from the ethnic panels at 48 hpi, and differences in interindividual response were found for RSV-induced effects (Fig. 2) . For example, although RSV-G mRNA expression increased in all African American LCLs at 48 hpi relative to respective vehicles, increases were significantly greater in LCL 37 than in LCL 32 (Fig. 2) . Across panels, mean Ϯ sem fold change in RSV-G expression ranged from 6.4 Ϯ 1.2 (Northern European) to 16 Ϯ 9 (Japanese) (Fig. 2) . Although mean levels in Japanese LCLs were more than double those in Northern European and African American panels, no significant differences in mean RSV-G expression were found between the groups, likely due to large interindividual variation within groups (Fig. 2) . RSV-G mRNA expression in LCLs did not correlate with basal expression of TLR3, TLR4, or EIF2AK2.
A role for interferon ␣ (IFN-␣), IFN-␤, and IFN-␥ in the innate immune response to RSV has been demonstrated by previous studies (27) (28) (29) . Among Northern Europeans, small but statistically significant increases in mean IFN-␣ (IFNA) mRNA were found and differed between lines (e.g., LCL 5 vs. LCL 6; Supplemental Fig.  S1 ). Mean IFNA mRNA expression was significantly higher in Northern Europeans compared with African Americans at 48 hpi (Supplemental Fig. S1 ), but no significant differences were found between other panels or individuals within panels (data not shown). Mean IFN-␤ (IFNB) and IFN-␥ (IFNG) mRNA expression was not significantly different between panels. Cytokines interleukin 6 (IL-6) and tumor necrosis factor ␣ (TNF-␣) have also been implicated in response to RSV (30) , but mean mRNA expression did not differ between panels (data not shown). However, a significant inverse correlation was found between RSV-g expression and IL-6 expression among all LCLs at48 hpi (Fig. 3) . 
Responses to RSV in HapMap LCLs
We next sought insight into mechanisms of differential responsiveness to RSV in LCLs by infecting 42 HapMap CEU LCLs to leverage genetic and genomic information available for the lines (31-35). As above, we found significant interindividual variation in viral RSV-G expression following infection with RSV (Fig. 4) . With these additional LCLs, we found that RSV-G mRNA expression was consistently greatest at 72 hpi, and HapMap LCLs were phenotyped at this time (Fig. 5) .
To identify additional genes whose basal (unstimulated) expression was correlated with response to RSV infection, we used a microarray data set (unpublished results) and obtained 5 published microarray data sets (GSE16778, ref. 34 We then used a 3-step approach: first, we performed linear regression of log 2 -transformed RSV-G expression on log 2 -transformed gene expression values of every detectable gene; second, we compared the average gene expression levels for the 5 individuals with the highest RSV-G expression against that for the 5 individuals with the lowest RSV-G expression using t test (Fig. 5, inset) ; last, we selected genes that were associated with RSV-G expression and differential gene expression in common to Ն3 data sets.
Therefore, a significant gene or transcript was associated with RSV-G expression if the expression and RSV levels were significantly correlated (nominal value of PՅ0.01) and if the gene expression fold change was Յ0.8 or Ն1.2 in Ն3 of the tested gene expression data sets. These analyses generated a list of 61 transcripts in which basal mRNA expression was significantly and reproducibly correlated with LCL RSV-G expression. One of the genes was MX1, which encodes a protein with antiviral properties (refs. 20, 21, 36 and Fig. 6 ). Based on these results and the potential antiviral role for MX1, we hypothesized that MX1 is a gene candidate for differential susceptibility to RSV. The remaining transcripts have not been evaluated further in this model.
Role of MX1 Val379Ile in RSV disease severity
We queried dbSNP (build 129, 2008) to identify potentially relevant SNPs in MX1 based on functional annotations and identified a missense SNP (rs469390, G/A) in exon 9 of NM_002462:19777. On the basis of the 1000 genomes project phase 1 (http://www.1000 genomes.org), the alternative allele A frequency is 0.56 for Europeans, 0.23 for Asians, and 0.44 for Africans. This nonsynonymous coding polymorphism causes a substitution of the valine residue with a isoleucine residue at position 379 (Val379Ile; http://www.ncbi.nlm.nih.gov/ SNP/snp_ref.cgi?typeϭrs), and is predicted by PANTHER (37) to have a mild deleterious effect on protein function (subPSEC, Ϫ3.25946; P deleterious, 0.5645). In phenotyped LCLs, we used linear regression to determine the relationship between log 2 RSV-G mRNA expression and rs469390 genotype as previously described (38, 39) . RSV-G mRNA was significantly correlated with rs469390 genotype (Pϭ0.0036; Fig. 7) , consistent with the deleterious A allele conferring enhanced risk of RSV load. We next asked whether rs469390 increased the risk of severe RSV disease in infected infants from our prospective case-control study. We genotyped infants with mild or severe RSV infection, and combined allelic frequencies ( Table 2 ) were similar to those published for other populations (http://www.1000genomes.org/). Allelic frequencies satisfied Hardy-Weinberg equilibrium (PϾ0.05), and no evidence of admixture in the populations was found after analysis of ethnic-specific genomic markers (not shown).
2 analysis of RSV disease severity among homozygous major allele, heterozygous, and homozygous variants indicated the rs469390 G/A polymorphism was associated with increased risk of severe RSV disease ( 2 ϭ7.095, Pϭ 0.029). This association was driven largely by the GA genotype risk effect. Infants with Ն1 A allele were at significantly greater risk of developing severe RSV 3 .964) were also at greater risk of developing severe RSV disease though the associations did not reach statistical significance likely due to the smaller number of study participants compared to the first population (Supplemental Table S1 ). Notably, when the two populations were combined (Supplemental Logistic regression analyses of the first population also found that the rs469390 G/A MX1 SNP was associated with increased risk of severe disease among those infected with RSV (unadjusted OR: 2.247, 95% CI: 1.205, 4.191). After adjustment for gender, socioeconomic status, and breastfeeding, the rs469390 G/A Mx1 SNP remained associated with increased risk of severe disease in infected children (OR: 2.476, 95% CI: 1.094, 5.600). Similarly, logistic regression analyses of the combined populations found the rs469390 G/A MX1 SNP was associated with increased risk of severe disease, although the OR was smaller (unadjusted OR: 1.271, 95% CI: 1.010, 1.599). Adjusting for gender, socioeconomic status, and breastfeeding did not significantly change the association.
DISCUSSION
RSV disease affects nearly every infant by 2 yr of age, and, in the absence of a vaccine, it will remain an important public health concern. However, the mech- anisms of interindividual susceptibility to RSV disease severity are not understood. We have developed a novel in vitro model of RSV disease using LCLs that have been well characterized and used to evaluate the genetic contribution to environmental stimuli (e.g., 38).
We initially found differential baseline expression of selected innate immunity genes in human variation panel cell lines (i.e., TLR3, TLR4, and EIF2AK2), demonstrating interindividual variation exists between different racial and ethnic groups, and also within members of a particular group. Interestingly, when all LCLs were considered, mRNA expression of TLR3 and EIF2AK2 were significantly correlated. The potential interaction between TLR3 and EIF2AK2 in response to virus infection has been reported (25) , and it was hypothesized that virus-induced up-regulation of TLRs and EIF2AK2 may sensitize cells to subsequent viral and bacterial exposures (25) . However, we found no correlation between RSV titers and either EIF2AK2 or TLR expression and, at least in the LCLs, differential expression of these antiviral genes did not contribute to interindividual variation in RSV-G mRNA expression after infection.
Differences in RSV-G mRNA levels following infection in LCLs within and between ethnic groups ranged from ϳ2-to 60-fold, and from ϳ1-to Ͼ400-fold in HapMap LCLs. While viral load is not the only measure of disease severity, it is a good indication of the degree of infection. Viral load does not always correlate well with response phenotypes, although a recent investigation in 35 healthy human volunteers found that viral load was associated with disease and that viral load and disease can track together (39) . While in vitro infection of LCLs has not been used to predict those individuals who will respond severely irrespective of viral load, it may offer predictive information about which individuals will be more likely to present with higher viral loads on infection, rendering them more susceptible to developing severe RSV disease.
Circulating levels of a host of proinflammatory and anti-inflammatory mediators have been found in the blood of infected humans and mice (e.g., 30, 40) . While plasma levels of IL-6 and other cytokines have been used as indicators of RSV disease, results across human studies have been inconsistent (40) . In an in vitro system, Dyer et al. (41) found cytokines released from RSV-infected eosinophils at 8 d postinfection and correlated with the amount of virus titer in the cells. In the present study, we found that IL6 mRNA expression was significantly and negatively correlated with RSV-G expression among all LCLs in the ethnic panels. Our results are consistent with Mella et al. (40) , who found that serum levels of innate immune cytokines TNF-␣, IL-8, and IL-6 were modestly but significantly higher in infants with severe RSV bronchiolitis relative to healthy infants. However, they also found that TNF-␣, IL-8, and IL-6 production capacity of whole blood cells was significantly diminished in severe disease infants compared to controls. Similarly, Roberts (42) found that in vitro exposure of human lymphocytes to RSV depressed cell-mediated immune function. Our findings also illustrate one of the advantages to using a battery of LCLs. The relationship between IL6 and RSV-G mRNA expression could only have been identified by comparing many lines.
To test the hypothesis that differential gene expression may have a role in susceptibility and response to RSV infection observed in human populations, we utilized publically available microarray gene expression Figure 8 . Role of MX1 SNP rs469390 in disease severity among infants with RSV infection. DNA was isolated from whole blood, and infants with mild or severe RSV infection were genotyped for the MX1 SNP (Val379Ile) and were classified as homozygous for the major or minor allele, or heterozygous. 2 analysis of RSV disease severity among homozygous wildtype, heterozygous, and homozygous variants was used to determine association of genotype with increased disease severity.
profiles for HapMap LCLs to identify reproducible differential expression patterns between high and low responding individuals. We found 61 genes significantly correlated with RSV-G mRNA expression among 46 HapMap cell lines across multiple expression datasets. One of the genes was MX1, and because of biological plausibility, we selected it for further investigation. MX1 codes for MXA protein and interferes with viral replication by binding the polymerase subunits (PB2 and NP) of influenza virus and also binds the nucleocapsid of thogoto virus (20, 43) . Increased MX1 mRNA expression was found in blood from infants with acute RSV bronchiolitis (44) , while overexpression of Bos taurus MX1 significantly reduced RSV disease (45) , and deletion of Mx1 (46) significantly enhanced influenza-induced disease in mice.
We hypothesized that polymorphisms in MX1 would predispose infants to severe RSV disease. To address this hypothesis, we identified a nonsynonymous missense MX1-coding SNP that leads to a Val379Ile amino acid substitution. Notably, we found that the predicted deleterious A allele was associated with increased RSV-G expression in the population of LCLs and increased the risk of RSV disease severity in another population, the Argentinian infant case-control cohort. Moreover, when we added a second, independent population to the first population, the strength of the association of the A allele with disease severity was enhanced. Our association results remained robust after adjusting for potentially confounding effects of clinical and epidemiological variables. Together with the LCL findings, this suggested a role for MX1 in RSV disease. The mechanism through which MX1 confers protection against human RSV disease is not completely understood. The amino acid substitution that we investigated occurs in the middle domain in the stalk of the MX1 protein (47) , and deleterious effect on protein function may be hypothesized to occur by interfering with oligomerization of the protein and thus influence GTPase activity essential to antiviral activity (48) . Additional investigations are needed to elucidate how the Val379Ile amino acid substitution in MXA is involved in host defense against RSV.
Another advantage of this model is the ability to select cell lines that contain SNPs of particular interest for in vitro screening. A bioinformatics approach integrating SNP, genotype, and cell-line selection was used to identify a functionally relevant SNP in a candidate gene. Using this approach, we found it is possible to identify several cell lines with SNPs in genes of interest that could be examined in vitro. It is also possible to take advantage of the multiple trios in the HapMap LCL collection to evaluate expression quantitative trait loci (eQTLs) in the model under investigation as has been done previously (e.g., 17, 31) .
While RSV is primarily a respiratory disease, the virus is not restricted to the lung after infection. RSV RNA has been detected in extrapulmonary tissues in infected individuals, including human bone marrow stromal cells, the central nervous system, heart, and liver (49) . RSV has also been detected in blood monocytes from Balb/c mice, and in human eosinophils (41), monocytes-macrophages (50), and lymphocytes (51) . RSV load in peripheral blood of mice correlated with disease severity (52) . Collectively, these studies suggest that RSV is capable of replicating and producing infective virus in multiple blood cell types, though the role they have in RSV disease progression remains unclear (41) .
In summary, the combination of in vitro screening for genetic variation in response to RSV and differential gene expression with genotyping of individuals in a human cohort enabled us to make an informed decision about a gene (MX1) that has a role in RSV disease. This translational approach can ultimately be used to develop a set of genes with predictive capability about which individuals are at greater risk for developing severe RSV disease upon infection.
